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Abstract This paper describes a low temperature, enzymatic
route to induce fibrillar structures in a protein solution. The
route comprises two steps. First, β-lactoglobulin was hydro-
lyzed into peptides at pH 8 and 37 °C with the enzyme AspN
endoproteinase, which resulted in the formation of random
aggregates. After hydrolysis, the pH was lowered to 2. As a
result, long fibrillar aggregates were formed which was ob-
served using transmission electronmicroscopy and Thioflavin
T fluorescence measurements.
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Introduction
Long fibrillar protein aggregates can be obtained by heating
(80–90 °C) an aqueous solution of β-lactoglobulin for several
hours (2–24 h) at pH 2. The fibrils obtained have a length
between 1 to 10 μm, and a thickness of a few nanometers.1–4
We showed previously that the fibrils formed under these
conditions consist of peptides originating from intact β-
lactoglobulin molecules.5 These peptides were formed due to
acid hydrolysis of the bonds between aspartic acid residues
and any other amino acid residue. The molecules inside
these fibrils are held together by intermolecular β-sheets.
The presence of these β-sheets can be monitored using the
fluorescent dye Thioflavin T (ThT), which binds to the β-
sheets.6,7 Therefore, the ThT fluorescent intensity is often
used as an indicator for the presence and concentration of
fibrils derived from β-lactoglobulin.8
Since protein hydrolysis turned out to be necessary to
obtain the peptides of the fibrils, it can be hypothesized that
enzymatic hydrolysis may also lead to the formation of
peptides that can form fibrils. Previous studies have shown
that enzymatic hydrolysis of β-lactoglobulin can lead to the
formation of aggregates, and as a result, gelation occured.9,10
However, long fibrillar aggregates were not observed in these
studies.
During the current study, we investigated whether enzy-
matic hydrolysis of β-lactoglobulin can be applied as a
method for the formation of peptides that can act as building
blocks for fibrillar aggregates. The enzyme AspN endopro-
teinase was chosen because this enzyme cleaves the peptide
bonds N-terminal to aspartic acid residues,11 which would
lead to similar peptides as during the heat-induced acid
hydrolysis. β-Lactoglobulin was incubated with the enzyme
at pH 8 and 37 °C. We studied the formation of β-
lactoglobulin aggregates using this method and investigated
the necessity of incubation at pH 2 after the hydrolysis step
to induce fibril formation.
Materials and Methods
Unless mentioned otherwise, all chemicals were of analytical
grade and purchased from Merck (Darmstadt, Germany),
Sigma Aldrich (Steinheim, Germany), or Invitrogen (Carlsbad,
CA, USA).
Enzymatic Hydrolysis of β-Lactoglobulin
A 2-wt.% β-lactoglobulin (product no. 61329, Sigma
Aldrich) solution was dissolved in a buffer (pH 8) containing
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50 mM Tris–HCl and 2 mM zinc acetate. The enzyme AspN
endoproteinase (P8104S, New England Biolabs, Ipswich, MA,
U.S.A.) was dissolved inMillipore water (0.17 mg/ml) and was
added to the β-lactoglobulin solution (10–3 mg enzyme/ ml).
The solution was incubated at 37 °C and mixed during the
incubation. Samples were taken after various hydrolysis times
(thydrolysis=0.25–24 h). Subsequently, the samples were
quenched to pH 2 by adding an HCl solution (18% v/v). At
pH 2 and room temperature, the samples were mixed, and the
incubation time at pH 2 was 48 h minus the hydrolysis time.
No enzyme was added to a part of the β-lactoglobulin solu-
tion, which was used as a control sample (thydrolysis=0 h).
High-Performance Size-Exclusion Chromatography
HP-SEC experiments were conducted using an ÄKTA puri-
fier system (GE Healthcare, Uppsala, Sweden) operated by
Unicorn software. Three samples (thydrolysis=2, 11, and 24 h)
were freeze–dried, and ~2 mg of the freeze-dried sample was
dissolved in 0.5 ml of a 0.15-M Tris–HCl buffer (pH 8)
containing 8 M guanidine chloride and 0.1 M 1,4-dithio-
threitol (DTT). After mixing for 45–60 min, 0.215 ml of
acetonitrile, containing 2% (v/v) tri-fluoroacetic acid (TFA)
was added, followed by further mixing for 45–60 min. After
mixing, the samples were centrifuged (18,000×g, 10 min,
20 °C). Samples of 20 μl were applied onto the column
(Shodex Protein KW-803, 300×8 mm, Showa Denko K. K.,
Tokyo, Japan). The column was equilibrated and run with
6 M urea, containing 30% (v/v) acetonitrile and 0.1% (v/v)
TFA. The flow rate was 0.2 ml/min, and the absorbance was
monitored at 214 nm. The column was calibrated using
various proteins with molecular masses between 300 and
67,000 Da.
Transmission Electron Microscopy
Transmission electron microscopy (TEM) pictures were made
from the sample with a hydrolysis time of 24 h at pH 8 and of
the same sample in which the pHwas lowered to 2. TEM grids
were prepared by negative staining. A droplet of the sample
(50× diluted) was put onto a carbon support film on a copper
grid. After 15 s, the droplet was removed with a filter paper.
Then, a droplet of 2% uranyl acetate was put onto the grid and
removed after 15 s using a filter paper. The micrographs were
taken with a JEOL electron microscope (JEM2100, Tokyo,
Japan) operating at 100 kV.
Thioflavin T Fluorescence
AThioflavin T (ThT) solution (18 mg/l) was prepared by dis-
solving ThT in a 10-mM sodium phosphate buffer (pH 7)
containing 150 mM NaCl. The solution was filtered (0.2 μm,
Minisart®, Sartorius) to remove undissolved ThT. Samples of
48 μl were added to 4 ml ThT solution. The fluorescence of
the samples was measured using a luminescence spectropho-
tometer (LS50B, Perkin Elmer, Waltham, MA, USA). ThT
was excited at a wavelength of 460 nm, and the emission of
the sample (IThT) was measured at 486 nm.
Results
β-Lactoglobulin was hydrolyzed by the enzyme AspN
endoproteinase, and samples were taken after different
hydrolysis times (thydrolysis=0.25–24 h). During the enzymatic
hydrolysis, the solution became turbid, suggesting the
formation of large random aggregates with a typical
dimension larger than the wavelength of light. The samples
were then quenched to pH 2 and kept at this pH for 48 h
minus the hydrolysis time. When the pH was lowered to 2,
the samples became less turbid. The control sample to which
no enzyme was added did not become turbid at pH 8 or 2.
Fig. 1 HP-SEC elution profiles of β-lactoglobulin solutions after
different hydrolysis times (thydrolysis=0, 2, 11, and 24 h) and
incubation at pH 2 (incubation time=48 h− thydrolysis). The secondary
x-axis indicates the corresponding molecular mass at the elution
volume. The increase in absorbance after 12 ml is due to the elution of
guanidine chloride
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Figure 1 shows the high-performance size-exclusion
chromatography (HP-SEC) elution profiles of three samples
(thydrolysis=2, 11, and 24 h) and the elution profile of the
control sample (thydrolysis=0 h). The control sample eluted
around 8.8 ml, which is the same elution volume as β-
lactoglobulin, and shows that no hydrolysis occurred in the
control sample. The hydrolysis products eluted later than β-
lactoglobulin, indicating that they have a smaller molecular
mass. As expected, the relative amount of β-lactoglobulin
decreased as a function of hydrolysis time. After 24 h of
hydrolysis, approximately 80% of β-lactoglobulin was
converted into smaller molecules.
Table 1 shows the fluorescent intensity (IThT) as a function
of hydrolysis time. For each hydrolysis time, the intensity is
shown before (immediately after the specific hydrolysis time)
and after incubation at pH 2 (tincubation). The fluorescent
intensity after hydrolysis increased as a function of hydrolysis
time, which indicated that during the enzymatic hydrolysis
step at pH 8, aggregates were formed containing a certain
amount of intermolecular β-sheets. The fluorescent intensity
after incubation at pH 2 was higher for each hydrolysis time
than the intensity before incubation at pH 2. This shows that
incubation at pH 2 resulted in the formation of more inter-
molecular β-sheets. The experiments showed no clear corre-
lation between fluorescent intensity and processing time. The
complex kinetics of fibril formation, as discussed by Arnaudov
et al.,4 in combination with the low fibril concentrations
(which leads to difficulties in taking representative samples)
probably accounts for the lack of correlation in time.
Figure 2 shows an example of an aggregate that was
formed after enzymatic hydrolysis at pH 8. It is a random
Table 1 ThT fluorescent intensities (IThT) of different samples
immediately after the enzymatic hydrolysis (pH 8) and after
incubation at pH 2
thydrolysis (h)
(pH 8)
IThT after
thydrolysis
tincubation (h)
(pH 2)
IThT after
tincubation
0 32a 48 621
0.25 25 47.75 235
0.5 27 47.5 364
1 32 47 123
2 40 46 108
4 50 44 565
6 58 42 114
11 67 37 234
24 107 24 520
a No enzyme was added to this solution to ensure the prevention of
hydrolysis
Fig. 2 TEM picture of β-lactoglobulin after enzymatic hydrolysis at
pH 8 for 24 h
Fig. 3 a, b TEM pictures of β-lactoglobulin after enzymatic
hydrolysis at pH 8 for 24 h and incubation at pH 2 for 24 h
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shaped aggregates with a diameter of ~1 μm. At pH 8, we
only observed this type of random aggregates. The presence
of these large, random aggregates also explains why the
solution became turbid during the enzymatic hydrolysis.
Figure 3a, b shows TEM pictures of the samples after
24 h hydrolysis at pH 8 and 24 h incubation at pH 2. Long
fibrillar aggregates that have a length in the order of 1 μm
are now visible. Obviously, incubation at acidic pH was ne-
cessary to obtain fibrils for these conditions. Apart from the
long fibrillar aggregates, random shaped aggregates (~50 nm)
were also present in the samples, but the large random ag-
gregates as present at pH 8 seem to have disappeared. To
confirm the necessity of protein hydrolysis as a first step for
protein fibrillization, TEM pictures were made of the control
sample (a 2-wt.% β-lactoglobulin solution that was kept at
pH 8 for 24 h without enzyme added, and subsequently
incubated at pH 2 for 48 h at room temperature). The control
sample did not contain aggregates.
Discussion
This study shows that long fibrillar aggregates from β-
lactoglobulin can be obtained by hydrolyzing β-lactoglob-
ulin into peptides by the enzyme AspN endoproteinase. This
confirms the results of previous research, which showed that
peptides, and not the intact proteins, are the building blocks
of fibrillar aggregates of β-lactoglobulin when they were
formed by heating at pH 2.5 Fibril formation only took place
after incubation at pH 2, and not at pH 8. In our previous
study, we explained the presence of specific peptides in the
fibrils by their capacity to form β-sheets, the net charge,
and the hydrophobicity of those peptides originating from
β-lactoglobulin. The fact that lowering the pH to an acidic
pH was necessary to obtain fibrils suggests that the positive
charge of the peptides is an important factor to obtain fibrils
instead of random aggregates. Since a heat treatment above
the denaturation temperature was not used during this study,
it can also be concluded that this heat treatment is not a
prerequisite for transforming peptides into fibrils. Previous
work showed already that fibrils of β-lactoglobulin could be
formed at room temperature after a short heat treatment of 2 h at
90 °C, during which no fibril formation took place yet.12
At pH 8, the fluorescent intensity increased in time, while
random aggregates were formed. At pH 2, random aggregates
(smaller in size than at pH 8) and fibrils were observed, which
led to a higher fluorescent intensity than at pH 8. In other
words, the random aggregates containedβ-sheets that resulted
in an increase in fluorescent intensity, but the amount of β-
sheets was less than the amount obtained at pH 2. Bromley et
al.13 also observed that non-fibrillar aggregates of β-
lactoglobulin contained β-sheets. ThT fluorescence is thus
not a proof for the presence of fibrils, and other methods,
such as microscopy (TEM and atomic force microscopy), X-
ray diffraction, or flow-induced birefringence,4,8,13 need to
be used to confirm the presence of fibrils. Furthermore, the
random aggregates might contain a certain amount of
peptides that have the capacity to aggregate into fibrils. As
a result, the formation of random aggregates leads to a lower
availability of peptides to form fibrils.
For the enzymatic hydrolysis, zinc acetate was added to
the solution. It has been shown that zinc can have either a
positive14 or a negative15 effect on the rate of fibril
formation of the non-beta amyloid component (NAC) and
β-amyloid of Alzheimer’s disease fibrils. However, the
fibril morphology was not influenced by zinc, and the fibril
formation itself was not induced by zinc.14
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